INTRODUCTION
Oligotrophic waters within the subtropical gyres comprise ~70% of the world's ocean surface, and despite their lower contribution to oceanic primary production (Longhurst et al. 1995) they are key components of our understanding of marine biogeochemistry. For geographical reasons, the North Atlantic subtropical gyre has been extensively studied and its hydrographic characteristics are presently well established (e.g. Pingree 1997 Pingree , 2002 and references therein, Garçon et al. 2001) . Our knowledge of the metabolism of planktonic communities and their spatial and temporal scales of variability is, however, still limited. The North Atlantic subtropical gyre spreads over several of the ecological provinces defined by Longhurst (1998) . Most of its area corresponds to the NAST (North Atlantic Subtropical Gyral Province) and NATR (North Atlantic Tropical Gyral Province), regarded as typically representative of oligotrophic open-ocean waters. Due to the prevalence of oligotrophic conditions during most of the year, these regions are characterized by very low values of autotrophic biomass and primary production (typically below 30 mg chlorophyll a m -2 and 300 mg C m -2 d -1
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As in other open-ocean regions, phytoplanktonic biomass in the North Atlantic subtropical gyre is clearly dominated by picoplankton, as shown by studies of size-fractionated chlorophyll a (e.g. Jochem & Zeitzschel 1993 , Marañón et al. 2001 ) and the distribution of Prochlorococcus spp., Synechococcus spp. and picoeukaryotes (Li 1995 , Partensky et al. 1996 , Zubkov et al. 1998 , 2000a . The recognition of the dominance of the picophytoplanktonic fraction in both biomass and activity (Platt et al. 1983 , Buck et al. 1996 , Marañón et al. 2001 , although with significantly different proportions , has boosted the investigation of the heterotrophic components of the microbial food web, such as bacterioplankton biomass and activity (Zubkov et al. 2000b , Teira et al. 2003 , or protistan distribution ) and grazing (Quevedo & Anadón 2001) . Presumably the predominance of microbial food web processes helps explain the relatively high values of dissolved organic carbon (DOC) production in the open ocean compared to that in coastal systems: > 20 versus ~5% of total primary production, respectively , Morán et al. 2002a . Recently, it has been shown that the variability in primary productivity is not reflected in significant changes in autotrophic biomass (Marañón et al. 2001) , hence plankton-mediated biogeochemical fluxes in oligotrophic gyres cannot be approached by biomass assessments as in more productive systems. The available studies on the metabolic balance of planktonic assemblages have consistently found that respiration exceeds primary production in the NE Atlantic .
Despite the valuable information gathered on the above-mentioned aspects, a comprehensive study has not yet been attempted in the region that includes a description of the standing stocks of microbial plankton as well as fluxes of organic matter and their variability along the latitudinal gradient between the NAST and NATR provinces. These 2 provinces, clearly separated in the eastern part by the Subtropical Convergence (STC) or Subtropical Front (Fernández & Pingree 1996) , represent different ecological domains, with subtropical waters being comparatively more oligotrophic than the tropical waters affected by the proximity of the equatorial upwelling (Longhurst 1998) .
We present here data on phytoplankton and heterotrophic bacteria distribution together with estimates of both autotrophic and heterotrophic activity (size-fractionated primary production and bacterial production), as well as gross primary production, net community production and respiration in the eastern subtropical and tropical domains of the North Atlantic gyre in autumn. In addition, bacterial carbon demand was estimated by 2 different models from the literature (del Giorgio & Cole 1998 , Rivkin & Legendre 2001 ) and compared with community respiration measurements in order to gain insight into the variability of planktonic carbon balance in these regions of the oligotrophic ocean.
MATERIAL AND METHODS
Sampling site. Measurements of standing stocks and activities of the microbial communities were made at 7 stations covering a latitudinal gradient within the North Atlantic subtropical gyre (Fig. 1 ) during the cruise FICARAM 2/CIRCANA-I on board the RV 'Hespérides' from 29 October to 4 November 2001. At each station, the vertical distribution of temperature and salinity was obtained with a Neil Brown Mark III CTD and that of photosynthetically active irradiance (PAR, 400 to 700 nm) with a Satlantic OCP-100 FF sensor. Water samples were collected with 12 l Niskin bottles attached to a rosette sampler.
Size-fractionated chlorophyll a. Size-fractionated chlorophyll a (chl a) concentrations were measured for 250 ml water samples collected from 5 to 7 depths, from the surface (5 m) down to 100-150 m, after inspection of the downcast CTD fluorescence profile. Samples were filtered sequentially through 20, 2 and 0.2 µm polycarbonate filters. After extraction with 90% acetone at 4°C overnight, chlorophyll a fluorescence was determined with a 10 SU Turner Designs fluorometer calibrated with pure chl a. Picoplankton abundance. The abundance of heterotrophic and phototrophic picoplankton was determined on board ship with a FACSCalibur (Becton & Dickinson) flow cytometer. Heterotrophic bacterioplankton, Synechococcus spp. and Prochlorococcus spp. cyanobacteria, and small photosynthetic eukaryotes (picoeukaryotes) were discriminated. Samples were taken at 10 depths from the surface down to 150 m. Phototrophic picoplankton groups were analyzed in vivo within <1 h after sampling in order to avoid losses of pigments due to fixation, especially critical in the surfacemost samples (e.g. Zubkov et al. 1998) . Samples for heterotrophic bacteria (1.8 ml) were immediately fixed with 1% paraformaldehyde plus 0.05% glutaraldehyde solution, deep-frozen in liquid N 2 , and stored at -70°C until analysis. Heterotrophic bacteria were previously stained with Syto 13 (Molecular Probes) at 2.5 µM. Aliquots of a solution of fluorescent 1 µm latex beads (Molecular Probes) were added as an internal standard to each tube. They were calibrated daily with TruCount tubes (B&D) of a known concentration of another type of beads. Synechococcus spp. and Prochlorococcus spp. fluorescence could be easily identified in plots of side-scatter (SSC) by FL2 (orange fluorescence) and FL3 (red fluorescence) signals. Picoeukaryotes had a higher SSC and FL3 signal than both cyanobacterial groups, and no FL2 signal. Up to 10 000 events were recorded at high flow rate (~60 µl min -1 ) in every sample. Two groups of heterotrophic bacteria, distinguished by their relative FL1 signal (green fluorescence), were called high-(HDNA) and low-(LDNA) DNA bacteria. HDNA bacteria generally correspond to the most active fraction of the total community (Gasol et al. 1999 , Lebaron et al. 2001 .
Picoplankton abundance was transformed to biomass with the empirical conversion factors obtained by Zubkov et al. (1998 Zubkov et al. ( , 2000a : 32 fg C per Prochlorococcus spp. cell, 103 fg C per Synechococcus spp. cell, 12 fg C per heterotrophic bacterium and 1496 fgC cell -1 for picoeukaryotes.
Size-fractionated primary production. Sampling for size-fractionated carbon incorporation experiments was conducted between 9:30 and 11:00 h local time, except at Stn 1 (12:30 h). We filled 3 clear and 1 black acidcleaned 70 ml polypropylene bottles with seawater collected from 5 depths chosen at fixed irradiance levels (100, 33, 7, 3 and 1% of surface irradiance) within 2 h after sunrise. After addition of 740 KBq (20 µCi) of NaH 14 CO 3 , each bottle was incubated in an on-deck incubator refrigerated with surface seawater and provided with neutral-density screens at irradiances similar to those experienced by the cells at their original sampling depths. Incubations lasted for 6 to 7 h, except at Stn 1 (4 h 40 min). After incubation, samples were filtered at very low vacuum pressure (< 50 mm Hg) through 20, 2 and 0.2 µm polycarbonate filters, which were decontaminated by exposure to concentrated HCl fumes for 12 h. Filters were then placed into vials and 4 ml of scintillation cocktail were added. Radioactivity of the samples was measured in an LKB Winspectral 1414 liquid scintillation counter. Hourly rates were converted into daily rates using the relationship between latitude and sunlight hours described by Straskraba & Gnauck (1985) . Daily rates were not corrected for phytoplankton respiration at night in order to compare 14 C-derived primary production and O 2 gross primary production.
Bacterial heterotrophic production. Bacterial heterotrophic production (BHP) was estimated at 7 depths, including those of the primary production incubactions, using the 3 H-leucine incorporation method (Smith & Azam 1992) . We inoculated 4 replicates and 2 instantly killed controls of 1 ml with 50 nmol leucine in Eppendorf vials. The vials were incubated in the dark at surface temperature. Incubations lasted between 1 and 2 h. Control and incubated samples were killed with 50% trichoroacetic acid (TCA; 5% final concentration) and vortexed. Once killed, samples were stored at ambient temperature until centrifugation and aspiration of the supernatant. Samples were then rinsed with 1 ml of 5% TCA and centrifugated and aspirated again; 1 ml of scintillation cocktail was added to the vials, and the samples were counted on board in an LKB Winspectral 1414 liquid scintillation counter. Processing of samples took place on the same day as incubation. Leucine incorporation rates (pmol leu l -1 h -1 ) were corrected for the difference in temperature between the surface and the sampling depth with the empirically derived linear equation of Zubkov et al. (2000b) . Finally, BHP was calculated from leucine incorporation rates by multiplying it by an empirical conversion factor (CF). CFs were determined during the cruise at the surface and at 150 m for Stns 3 and 6, respectively, following common procedures (Kirchman & Ducklow 1993) . Since leu was mostly incorporated in the upper layers, the final value used (0.73 kg C mol leu -1 ) was the average of our surface value (0.80 kg) and 2 other surface CFs (0.95 and 0.46 kg) obtained in the region during the AMT-11 cruise (A. Bode et al. unpubl. results) . This CF was similar to that used by Agustí et al. (2001) in the tropical NE Atlantic (0.58). For calculating total bacterial carbon demand (BCD = BHP/BGE ) we used 2 estimates of bacterial growth efficiency (BGE). The first was obtained with the empirical model of del Giorgio & Cole (1998) , relating bacterial production and respiration (average BGE 2.3 ± 0.2% for all samples), and the second was obtained with the model of Rivkin & Legendre (2001) , relating BGE and temperature (average 14.9 ± 4.3% for all samples). Hereafter, we refer to the 2 BCD esti-mates as BCD BHP and BCD temp , respectively. Despite their different assumptions, integrated BCD BHP and BCD temp were strongly correlated (r = 0.95, p = 0.001, n = 7).
Gross primary production, net community production and dark community respiration. At each station, gross primary production (GPP), net community production (NCP) and dark community respiration (CR) were determined at 5 to 6 depths in the euphotic zone from in vitro changes in dissolved oxygen after light and dark bottle incubations. An additional depth was sampled for CR below the 1% incident irradiance at the surface. Sampling and incubation were carried out at the same depths, simultaneously and under the same conditions as for C incorporation experiments. We carefully filled twelve 120 cm 3 , gravimetrically calibrated, borosilicate glass bottles from each Niskin bottle by means of a silicone tube, overflowing by > 250 cm -3 . From each depth, 4 replicate bottles were fixed immediately for initial oxygen concentrations, 4 bottles were kept in darkness and 4 bottles were incubated under irradiance conditions simulating those of the original sampling depth, as described above. After the 24 h incubation period, dissolved oxygen concentration was determined following the recommendations of Grasshoff et al. (1983) . Measurements of dissolved oxygen were made with an automated Winkler titration system performed with a Metrohm 721 Net Titrino, utilising a potentiometric end-point (Oudot et al. 1988 , Pomeroy et al. 1994 . Aliquots of fixed samples were delivered with a 50 ml overflow pipette. Production and respiration rates were calculated from the difference between the averaged light and dark replicates and zero-time analyses: NCP = measured ∆O 2 in light bottles (mean of [O 2 Photic zone integration. Photic layer-integrated values of GPP, CR and NCP and other variables were obtained by trapezoidal integration of the volumetric data down to the depth of 1% surface incident irradiance.
RESULTS
The thermohaline structure of the upper water column showed the existence of a distinct vertical stratification and displayed a marked latitudinal trend, with a shoaling of the mixed layer depth from subtropical to tropical waters (Fig. 2) . The boundary between NAST and NATR is usually defined at 25 to 30°N, but its exact location varies locally (Longhurst 1998) . During this cruise, a clear thermohaline front separating NAST-E and NATR waters of the North Atlantic subtropical gyre was found at approximately 17 to 19°N. According both to the vertical profiles of temperature ( Fig. 2A) and their latitudinal position in Longhurst's (1998) provinces partition, Stns 1 to 4 were grouped as 'subtropical', whereas the remaining stations (5 to 7) along the 28°W meridian were grouped as 'tropical'. We will hereinafter use the terms subtropical and tropical domains as equivalent to NAST-E and NATR waters, respectively. The photic layer depth (Fig. 3A) tended to decrease from subtropical (106 ± 10 m) to tropical (69 ± 9 m) waters.
Chlorophyll a
Chlorophyll a (chl a) concentration ranged from 0.03 to 0.79 mg m -3 for all stations and tended to be higher in the tropical domain (Fig. 3A) . Photic layer-integrated chl a tended to be slightly higher in the subtropical domain (Table 1) (Fig. 3A) .
Most of the chl a was present in small (< 2 µm) cells, especially in the deeper samples of subtropical waters, where picoplanktonic chl a contributed > 75% to total values (Fig. 3B) . Photic layer-averaged values of this percentage were higher in the subtropical domain (Table 1 , t-test, p = 0.03, n = 7) and displayed a consistent latitudinal pattern from 55% at Stn 7 to 77% at Stn 1. The contribution of microphytoplankton (> 20 µm) to total chl a was below 6% at all stations except at Stn 6, where it reached 11%.
Autotrophic picoplankton
Prochlorococcus spp. was the most abundant autotrophic picoplankter at all stations, with 0 to 150 m weighted means of 1.75 ± 0.10 and 1.51 ± 0.31 × 10 5 cells ml -1 for the subtropical and tropical domains, respectively. The mean abundance of the other 2 groups was 2 orders of magnitude lower. The concentration of Synechoccocus spp. and picoeukaryotes was similar in the subtropical domain (2.46 ± 0.18 and 1.68 ± 0.09 × 10 3 cells ml -1 , respectively), but Synechococcus spp. was more than double the abundance of picoeukaryotes in tropical waters (8.19 ± 3.06 and 3.79 ± 0.98 × 10 3 cells ml -1 , respectively). Only the abundance of picoeukaryotes was significantly different in both domains (t-test for station means, p = 0.01, n = 7).
The distribution of picophytoplankton biomass along the sampled transect is shown in Fig. 4 . Maximum biomass values for all groups were shallower at the lowerlatitude stations, in accordance with the chl a distribution (Fig. 3A) . Picoeukaryotes generally occupied deeper layers than the other 2 groups, especially in tropical waters. The dominant group in the photic layer was always Prochlorococcus spp., but with different proportions in subtropical (69%) and tropical (52%) waters. The relative contributions of these 2 groups were significantly different for both domains (t-tests for station means, p = 0.04, n = 7). Synechococcus spp. contributed a much lower percentage of total autotrophic picoplankton biomass, 3% in subtropical and 10% in tropical waters. Latitudinal trends were consistent for the relative contributions of the 3 groups in the upper 150 m, with Synechococcus spp. and pico- eukaryotes increasing southwards (r = -0.83 and r = -0.89, respectively) while the opposite was true for Prochlorococcus spp. (r = 0.88, all p < 0.02, n = 7).
Size-fractionated primary production
Particulate primary production (PPP) was very low (Fig. 5A ), in accordance with the low chl a concentrations measured in the region. Total PPP seemed to be mainly determined by the extant algal biomass, since photic layer-averaged values of both variables were significantly correlated (r = 0.87; p = 0.01, n = 7). The linear regression yielded a mean photic layer assimilation number of 0.91 ± 0.09 (SE) mg C mg chl a -1 h -1 similar to previous reports (Marañón & Holligan 1999 , Marañón et al. 2000 , even when surface waters only were considered (Jochem & Zeitzschel 1993) . Volumetric rates ranged from 0.02 to 0.74 mg C m -3 h -1 , with generally higher values close to the surface. Highest values tended to be found in the tropical domain (Fig. 5A) , with a mean photic layer value of 0.31 mg C m -3 h -1 compared to 0.20 in the subtropical domain. However, integrated values were not significantly different (~200 mg C m -2 d -1
: Table 1 ). Volumetric PPP was positively correlated with the concentration of chl a > 20 µm, and the percentage of chl a >2 µm (r = 0.59 and 0.56, respectively, p < 0.001, n = 35), suggesting a greater effect of big cells on total rates. A consistently increasing pattern with increasing depth was evidenced in the contribution of picoplankton to total photosynthetic carbon incorporation rates. The contribution of > 2 µm cells to total primary production exceeded that of picoplankton in the upper 40 to 80 m of both oceanic domains (Fig. 5B ). Latitudinal differences in the proportion of PPP due to the 3 sizeclasses considered were less obvious than in the case of chl a, with no significant changes with decreasing latitude. The percentage of picoplanktonic primary production was not significantly different in the 2 regions (Table 1) . However, microphytoplankton (> 20 µm) production was significantly higher (t-test for integrated values, p = 0.04, n = 7) in the tropical domain (64 ± 18 versus 19 ± 5 mg C m -2 d -1 ), where it made a significantly 3-fold greater contribution to total rates (Table 1 ; t-test, p = 0.03, n = 7).
Bacterial abundance and production
Heterotrophic bacteria numbers in the upper 150 m of the water column were similar for both domains (6.04 ± 0.80 10 5 cells ml -1 in subtropical and 7.87 ± 1.08 10 5 cells ml -1 in tropical waters). The higher bacterial abundance in the photic layer in tropical waters (1.19 ± 0.02 × 10 6 versus 7.25 ± 1.20 × 10 5 cells ml -1
) was due to the lower depth of the photic layer and the higher abundance in surface waters. Bacterial biomass ranged from 2 to 19 mg C m -3 , with higher values in the surface layers. Values were higher and showed subsurface maxima at the lower-latitude stations (Fig. 6A) . Photic layer-integrated bacterial biomass was close to 1000 mg C m -2 (Table 1) . With all volumetric data pooled, the abundance of heterotrophic bacteria was correlated with that of the autotrophic picoplanktonic groups, but especially to Prochlorococcus spp. (r = 0.62, p < 0.001, n = 70) Heterotrophic bacteria tended to make the major contribution to total (autotrophic and heterotrophic) picoplankton carbon in the upper 20 m of the water column and below 80 m depth. However, when the upper 150 m were considered, the biomass of autotrophic organisms (detected by flow cytometry) clearly exceeded that of heterotrophic bacteria, making up 72 ± 4 and 74 ± 3% of picoplankton carbon in the subtropical and tropical domains, respectively.
The percentage of HDNA bacteria was generally below 50% (overall range 30 to 58%) at most stations and depths (see averages in Table 1 ), and peaked in subsurface waters (20 to 50 m), indicating that most bacteria were inactive (Gasol et al. 1999 , Lebaron et al. 2001 . Concurrent with this observation, the estimates of bacterial production rates were low (range 0.05 to 29 × 10 -3 mg C m -3 h -1 ), and tended to peak at a shallower depth than biomass (Fig. 6B) . The slope of the log-log regression of BB and BHP (0.20, r = 0.51, p < 0.001, n = 45) suggested an absent or very weak bottom-up control of bacterial biomass (Ducklow 1992) . Highest values of BHP were found at Stn 4. Integrated values were 1 order of magnitude lower than primary production rates and similar for both regions (13 to 15 mg C m -3 d -1 : ) due to the difference in the bacterial growth efficiencies (BGE) obtained with the 2 models (photic layer averages of 2 and 13%, respectively). BGEs higher than 15% are usually not found in oligotrophic systems (del Giorgio & Cole 1998 . The mean BGE predicted by the photic layer-integrated bacterial and primary production rates in our experiments using the steadystate model of Anderson & Ducklow (2001) was 12.2 ± 0.9%. Hence, we feel confident that both BCD estimates probably constrained the total flux of organic carbon through heterotrophic bacteria.
Gross primary production, net community production and respiration
The volumetric rates of gross primary production (GPP), net community production (NCP) and community respiration (CR) are shown in Fig. 7 . Except in subsurface waters of Stns 4 and 6, CR exceeded GPP at all sampling depths, thus yielding negative NCP values in most of the photic layer. No clear latitudinal trends were observed for any of these variables. There was no significant Table 1 for carbon units). CR was negatively correlated with total chl a (r = -0.98, p < 0.001, n = 6). NCP values were negative at all stations except at Stn 4 (17.2 mmol O 2 m -2 d -1
), and bore no significant relationship to any other variables.
DISCUSSION
The results presented in this paper allow further insight into the structure and functioning of the microbial food web in oligotrophic North Atlantic waters.
Previous surveys in the gyre (e.g. the AMT programme [Aiken & Bale 2000] or the Spanish 'Latitude' cruises ) were usually conducted further east in the gyre (< 22°W) than ours (28°W), thus being affected to a larger extent by the African upwelling (see for instance Fig. 1 in Serret et al. 2001) .
The distribution of autotrophic picoplankton was similar to that reported in previous works (Li 1995 , Partensky et al. 1996 , Zubkov et al. 1998 , 2000a although higher concentrations of Prochlorococcus spp., frequently exceeding 2 × 10 5 cells ml -1 , were found in this survey. The maximum abundance observed (5.1 × 10 5 cells ml -1 at Stn 4, 40 m, Fig. 4A ) is to our knowledge the highest ever recorded (cf. Partensky et al. 1999) .
The low chl a fluorescence of surface Prochlorococcus spp. in oligotrophic areas may lead to abundance underestimates, especially in fixed samples (e.g. Partensky et al. 1996 , Zubkov et al. 1998 ). This problem can be partly circumvented by analyzing populations in vivo, as we did here. The vertical distribution of Prochlorococcus spp. did not show any evidence of overlapping of the 2 subpopulations found in open-ocean Atlantic waters by Zubkov et al. (1998) . Rather, we observed a steep increase in the average cell fluorescence and size at the level of the thermocline for the 3 picophytoplankton groups (data not shown). A distinct latitudinal gradient was observed in the depth of maximum biomass and the relative contribution of the 3 picoalgal groups (Fig. 4) . Whereas Prochlorococcus spp. were by far the most important picophytoplankters at the subtropical stations, picoeukaryotes exceeded prochlorophytes at the end of the transect. Changes in the relative contribution of the different picophytoplankton groups with much smaller or no changes in total standing stocks have also been reported in response to different hydrographic conditions at oligotrophic sites (Campbell et al. 1997 , Gin et al. 1999 . No data on nutrient concentrations are available for the cruise, but the pycnocline and nutricline depths usually correspond in the North Atlantic gyre (e.g. , so the observed changes in picoalgal distributions were probably related to changes in nutrient availability in the upper layers.
Assuming a C:chl a ratio of 40 (Li et al.1993 ), the picophytoplanktonic fraction alone would almost be double the total phytoplankton biomass (ratio 1.98). In order to clarify this inconsistency, we also used the empirical relationship between phytoplankton C and chl a derived by Marañón et al. (2000) for an Atlantic meridional transect, which still yielded an estimated picoplanktonic Latitudinal distribution of (A) gross primary production, (B) net community production, and (C) community respiration. Units in mg C m -3 h -1 from O 2 measurements using a photosynthetic quotient and respiratory quotient of 1.0. Dots represent sampling depths contribution of 105 ± 13% to total autotrophic carbon. Although some of the cells called 'picoeukaryotes' may in fact have been larger than 2 µm, these calculations indicate that autotrophic picoplankton comprised the bulk of the phytoplankton biomass confirming their high contribution to total chl a (Fig. 3) , and that virtually no phytoplanktonic cell escaped detection by flow cytometry (as noted by Li [2002] in his analysis of open-ocean Atlantic waters). Autotrophic phytoplankton exceeded the biomass of heterotrophic bacteria in the photic layer of all stations, in agreement with results obtained further north in the gyre. Taking only picoplankton into consideration, the biomass of Synechococcus spp., Prochlorococcus spp. and picoeukaryotes in the photic layer was on average 35% higher than that of heterotrophic bacteria. This also applied to the upper 150 m (22% more picoalgae than bacteria). More accurate determinations of the abundance and carbon content of the different microbial groups (i.e. 12 fg C bacteria -1 [Zubkov et al. 2000a ] rather than 20 [Lee & Fuhrman 1987] in oceanic waters) hence do not support earlier reports of bacteria:phytoplankton biomass ratios much greater than 1 (e.g. Fuhrman et al. 1989 , Cho & Azam 1990 , Buck et al. 1996 . Although bacterial biomass does not seem to exceed algal biomass on an annual basis , it should be noted that Buck et al.'s (1996) survey in these waters was carried out in summer while ours was in autumn. We did not sample micro-or mesozooplankton communities, but the addition of recent estimates of the biomass of both groups in subtropical North Atlantic waters (Huskin et al. 2001 suggest that the biomass pyramid in this oligotrophic region (mean heterotrophic: autotrophic ratio of 1.11 ± 0.13) may be less inverted than the average open-ocean estimate of 1.85 (Gasol et al. 1997) .
Primary productivity displayed typically low values (Frazel & Berberian 1990 , Jochem & Zeitzschel 1993 , Morel et al. 1996 , Marañón et al. 2000 , Teira et al. 2003 . Despite their much lower abundance, the variability in total PPP was largely caused by the presence of large cells. The contribution of > 2 µm cells to primary production was significantly higher than its biomass contribution (t-test for dependent samples, p < 0.0001, n = 7) confirming previous reports (Marañón et al. 2001 ) and providing further evidence of the different assimilation numbers of algae < 2 µm and >2 µm in oligotrophic waters , with mean integrated values of 0.53 ± 0.06, and 1.31 ± 0.12 mg C mg chl a -1 h -1 , respectively. Our estimates for the tropical (NATR) and the subtropical (NAST-E) regions compared reasonably well with the average primary production for October-November in the seasonal cycle proposed by Longhurst (1998) . Although total values were similar (Table 1) , slight differences in the fate of primary pro- duction could be expected in the 2 regions. The contribution of > 20 µm algae to total primary production and biomass was higher in the tropical domain, which could represent a relatively higher potential for particulate organic carbon export to deeper layers in tropical waters (Legendre & Le Fèvre 1991 , Kiørboe 1993 . In accordance with 14 C primary production measurements, gross primary production was low and comparable to previous data in the same area. GPP values higher than ours were measured in the Azores region under the influence of mesoscale structures that induced fertilization , and also closer to the African coast (González et al. 2002) . GPP was significantly correlated with independent measurements of PPP rates, but assuming a photosynthetic quotient of 1, it was considerably higher than PPP (linear regression GPP = 1.4 + 3.2 PP; r = 0.67, p < 0.001, n = 24), reinforcing the hypothesis that the measurement of PPP by the 14 C technique yields estimates closer to net rather than to gross primary production (Marra 2002) . Another important consideration is that whilst GPP includes dissolved primary production, which may reach relatively high values in oligotrophic environments , Morán et al. 2002a , the dissolved organic carbon (DOC) fraction was not measured in our 14 C-uptake experiments.
As previously reported , Arístegui & Harrison 2002 , variability in integrated GPP was much higher than in CR (6-versus 2-fold). Given that bacterial biomass was clearly less than that of autotrophs in the photic layer, a balanced or even net autotrophic balance would have been expected according to trophic distribution models (Gasol et al. 1997 ). However, NCP was markedly negative at all but 1 station. Duarte et al. (2001) and Serret et al. (2001) predicted net heterotrophy in the oligotrophic Atlantic whenever GPP was lower than 94 to 100 mmol O 2 m -2 d -1 (1100 to 1200 mg C m -2 d -1 ). All our measurements were below this value but we observed a positive NCP value at Stn 4 (Fig. 7B) . This station was characterized by a thermohaline structure somewhat different from the rest (Fig. 2) , and presented a shallow phytoplankton distribution (Fig. 3) and the highest chl a concentration (photic layer average = 0.36 mg m -3 ). Positive NCP at this station and a great variability in NCP over the relatively small range in the percentage of primary production due to the < 2 µm cells found in our samples (41 ± 3% SE) made the model by Serret et al. (2001) not applicable to our dataset.
The abundance of heterotrophic bacteria was maximum in surface waters (Fig. 6A) , as reported by Zubkov et al. (1998 Zubkov et al. ( , 2000b , although we measured slightly higher values than those authors. Bacterial production rates were also similar to those reported by Zubkov et al. (2000b) in September and October, but about half the values obtained by González et al. (2001) and Teira et al. (2003) in April and August, respectively, in the Azores region. Differences in both sampling times and the substrate to carbon conversion factors used might be largely responsible for the discrepancy. The very small percentage of bacterial or 'bacterial production' to primary production (7 ± 1%), in accordance with the values reported by Hoppe et al. (2002) and Teira et al. (2003) , supports the view that the widely accepted value of 30% (Cole et al. 1988 ) is not representative of open-ocean waters (Ducklow 1999 , Anderson & Ducklow 2001 . The abundance of HDNA bacteria was slightly more correlated to bacterial production than LDNA abundance (r = 0.52 vs 0.45, p < 0.01, n = 45), as previously reported for other systems (Zubkov et al. 2001 , Morán et al. 2002b , Servais et al 2003 , suggesting a higher activity of cells with higher DNA content (Gasol et al. 1999 , Lebaron et al. 2001 ). These 2 subpopulations displayed different patterns of variation with depth. Both BHP (Fig. 6B ) and the percentage of HDNA bacteria generally peaked in surface waters coincident with the depths of primary production maxima, suggesting a possible coupling between the activities of both planktonic groups. Indeed, although the correlation was not significant for integrated values, BHP and total PPP were correlated when all volumetric data were considered (r = 0.57, p < 0.001, n = 35, Fig. 8A ).
We have recently (Morán et al. 2002a) proposed a more precise definition of phytoplankton-bacterioplankton coupling, taking into account bacterial carbon demand (BCD) and dissolved primary production (DPP) -the fraction amenable to concurrent and direct bacterial uptake. We have attempted an estimation of DPP based on different empirical models, relating it to either the percentage of particulate primary production < 2 µm (DPP 1 ), net community production (DPP 2 ) , or total particulate primary production (DPP 3 ) (Morán et al. 2002a ). The contribution of grazers to DPP measurements in both studies was not specifically determined. DPP 2 was calculated only for integrated data; DPP 3 was correlated to BHP and BCD (r = 0.59 to 0.62, p < 0.001, n = 35; Fig. 8B ). Despite the different assumptions of the methods, the resulting values of PER (percent extracellular release) obtained with the 3 methods for the 2 domains ranged from 13 to 38%, reasonable values for Atlantic oligotrophic areas according to experimental ) and model (Fasham et al. 1999) results. As can be seen in Fig. 9 , only for the highest DPP estimate (DPP 2 ) and if the 'true' BCD were BCD temp rather than BCD BHP or a value between, could bacterial carbon demand be met by the concurrent production of DOC. Simultaneous determinations of BGE and DPP are clearly needed in order to conclude whether bacteria and phytoplankton are coupled in this open-ocean region (Morán et al. 2002a ), but it seems from our calculations that a variable but significant amount of the substrate needed by bacteria was not provided by DOC released by primary producers; this was also found by Teira et al. (2003) .
The great discrepancy between total community respiration and bacterial carbon demand shown in Fig. 9 deserves further attention. Provided that bacteria account for most community respiration in openocean waters (Williams 1981 , Rivkin & Legendre 2001 our estimates that at least ~60% of CR was from other groups seem difficult to accept. This striking result may be related to the recognized problem of using different methodologies for estimating carbon fluxes (e.g. Geider 1997 , del Giorgio & Duarte 2002 ). Since our estimates of primary and bacterial production and community metabolism were similar to those by other researchers in the same area, it is possible that the O 2 -method overestimated CR and/or the 3 H-leucine method underestimated bacterial production. Related to this, conspicuous loss of biomass of phytoplankton populations from oligotrophic areas after only 2 h incubation could seriously bias estimates during long incubations such as those required in O 2 production-consumption experiments.
A higher demand for carbon by bacteria than that provided by concurrent primary production brings us back to the question of the general occurrence of net heterotrophy in the NE Atlantic . We have here provided consistent evidence of O 2 respiration exceeding production that expands the data set presently available for the North Atlantic subtropical gyre, mostly for the NAST province. A recent hypothesis to explain the repeated observation of excess of consumption over production in the open sea is that short sampling periods probably miss episodic bursts of net autotrophy (Karl et al. 2003 ). Yet another question of interest in the ongoing debate on the metabolic balance of oligotrophic waters is: Would our results have been different had we sampled further west, towards the centre of the gyre? Some of the measurements of planktonic standing stocks and activity presented here were clearly lower than those obtained in waters closer to the African upwelling system (e.g. Agustí et al. 2001) . NCP values that were positive or close to zero were reported by Serret et al. (2002) for the middle of the South Atlantic gyre, away from possible continental inputs of dissolved organic matter. Future research in the centre of the North Atlantic subtropical gyre will probably provide an answer to this question.
